Pseudomonas syringae pv. syringae 61 (Pss61) secretes the HrpZ harpin by a type III protein secretion pathway encoded by a cluster of hrp (hypersensitive response and pathogenicity) and hrc genes. The nine hrc genes represent a subset of hrp genes that are also conserved in the type III virulence protein secretion systems of animal pathogenic Yersinia, Shigella, and Salmonella spp. The hrpJ and hrpU operons contain seven hrc genes (counting hrcQ A and hrcQ B as one gene), all with additional homologs involved in flagellar biogenesis and secretion, and five of which encode predicted inner membrane proteins. The hrpC and hrpZ operons encode HrcC and HrcJ, respectively, which are associated with the outer membrane. Interposon mutants affected in all of the hrc genes in the hrpJ and hrpU operons and TnphoA-induced hrcC and hrcJ mutants were assayed for altered localization of HrpZ in mid-log-phase cultures by immunoblotting sodium dodecyl sulfate-polyacrylamide gels that were run with various cell fractions. The hrpJ and hrpU operon mutants revealed a novel phenotype of partially reduced accumulation of HrpZ in the total culture (despite wild-type levels of hrpZ operon transcription), all of which was cell bound and equivalent in level to that of cell-bound HrpZ in the wild type. The hrcC and hrcJ mutant cultures accumulated the same total amount of HrpZ as the wild type, but the HrpZ was cell bound. Among all the strains tested, only the hrcC mutant accumulated significant amounts of HrpZ in the periplasm, as indicated by selective release through spheroplasting. Analysis of nonpolar mutations in the hrpU and hrpC operons support the results obtained with polar mutations. These observations indicate that a constant pool of HrpZ is maintained in the cytoplasm of Pss61 despite secretion deficiencies, that the hrpJ and hrpU operons encode an alternative to the Sec (general protein export) pathway for translocation across the inner membrane, that genes in the hrpC operon are necessary for translocation across the outer membrane, and that the Pss61 Hrp system permits study of two genetically distinguishable stages in type III protein secretion.
Secreted proteins are important virulence factors for bacterial pathogens of plants and animals. Gram-negative pathogens use at least three pathways to translocate virulence proteins across their inner and outer membranes (50) , and for each pathway, components in plant pathogens have been discovered that are homologous with those in animal pathogens (15, 19, 22, 24, 34) . The type I pathway, used, for example, by Escherichia coli hemolysin and Erwinia chrysanthemi proteases, translocates proteins across the bacterial envelope in a single step: mutations in any of the pathway components result in cytoplasmic accumulation of the exoprotein (14) . The type II (general secretion) pathway, used by Klebsiella oxytoca pullulanase, Pseudomonas aeruginosa exotoxin A, and E. chrysanthemi or Erwinia carotovora plant cell wall-degrading enzymes, is an extension of the Sec (general protein export) pathway: mutations in any of the type II pathway components result in accumulation of the exoprotein in the periplasm (48) . The type III pathway appears dedicated to virulence protein traffic and is used to secrete Yersinia Yops, Shigella Ipas, Salmonella Sips, and the harpin-like proteins of Erwinia amylovora, Pseudomonas syringae, and Ralstonia (Pseudomonas) solanacearum (reviewed in references 16, 17, 50, and 59) . The pathway is typically induced by conditions or signals associated with the host and is required for the pathogenicity of these bacteria. Proteins traveling the type III pathway lack the N-terminal signal peptide that would target them to the Sec system for translocation across the inner membrane, and the subcellular locations of these proteins in secretion mutants are unknown.
Genes required for type III protein secretion in P. syringae and other plant pathogens were initially designated as hrp because they are required for the hypersensitive response (HR) in nonhost plants and pathogenicity in host plants (8, 36) . A functional type III secretion system and the gene for at least one secreted protein have been cloned from P. syringae pv. syringae 61 (Pss61): cosmid pHIR11 enables saprophytes, such as Pseudomonas fluorescens and E. coli, to elicit the HR in tobacco (27) . Mutations in pHIR11 have revealed elicitor, regulatory, and secretion phenotypes. The hrpZ gene encodes a harpin protein that is secreted by the type III pathway and can elicit an HR-like response in plants (21) . The hrpR and hrpS genes encode positive regulators of hrpL, which encodes an alternate sigma factor controlling transcription of the other hrp operons (64, 65) . The majority of the genes cloned on pHIR11 appear to be required for HrpZ secretion and are organized in four polycistronic operons, hrpJ, hrpU, hrpC, and hrpZ (21, 24, 26, 35, 47) .
Nine of the genes in these four operons are widely conserved in type III secretion systems and have been newly designated as hrc (hypersensitive response and conserved) (7) . Several of the hrc genes in the hrpJ and hrpU operons are candidate inner membrane proteins (26, 35) , whereas the hrcC gene in the hrpC operon encodes a member of a superfamily of outer membrane translocator proteins that has representatives in type III (YscC), type II (PulD), and phage (pIV) secretion (24) , and the hrcJ gene in the hrpZ operon encodes a lipoprotein which is likely associated with the outer membrane (26) . This apparent grouping of hrc genes according to the locations of the products suggests that the hrpJ-hrpU and hrpC-hrpZ operons may be dedicated to translocation across the inner and outer membranes, respectively. A hrpJ-hrpU role in directing translocation across the inner membrane is also consistent with the observation that the hrc genes in these operons also show similarity to proteins involved in the initiation of flagellum biogenesis (26, 35) .
In Yersinia, Shigella, Salmonella, Erwinia, and Pseudomonas spp., immunoblot assays showing the absence of exoproteins in mutant culture supernatants have established that several of the genes associated with the type III pathway are indeed necessary for exoprotein secretion (3, 5, 11, 21, 40) . However, the subcellular fate of exoproteins in such mutants has not been investigated. Here, we report that the altered distribution of HrpZ in Pss61 hrp mutants permits assignment of these four operons to two experimentally distinguishable stages in type III protein secretion and, specifically, that the hrpJ and hrpU operons encode an alternative to the Sec system for translocation across the inner membrane, whereas the hrpC operon is essential for translocation across the outer membrane.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains and plasmids used in this study are described in Table 1 . Construction and mutation of pHIR11 subclones was done in E. coli DH5␣ (Life Technologies, Grand Island, N.Y.) grown at 37°C in Terrific Broth (51) . The Pss61 derivatives were grown at 30°C in King's B medium (31) . Antibiotics were used at the following concentrations (in micrograms per milliliter) in King's B medium and Terrific Broth or at half-concentrations in Hrp-derepressing fructose minimal medium (HrpMM) (28) : nalidixic acid, 40; tetracycline, 10; kanamycin, 50; and spectinomycin, 25.
DNA manipulations. Restriction enzyme digestions, agarose gel electrophoresis, plasmid extractions, and DNA ligations were performed as described by Sambrook et al. (51) . DNA fragments used in plasmid construction were separated through 0.7% agarose and purified by using a Prep-a-gene kit (Bio-Rad Laboratories, Hercules, Calif.). Plasmids were introduced into E. coli by transformation with the RbCl procedure (51) and into Pss61 by electroporation (2) .
Strain and plasmid construction. Plasmid pCPP2319 was constructed by digesting pHIR11 with SacI and BamHI, isolating the 8.6-kb fragment from an agarose gel, and ligating it into the SacI and BamHI sites of pRK415 (30) . The resulting plasmid was partially digested with EcoRI, and ⍀Sp r interposon (46) was ligated into the EcoRI sites, and a plasmid was recovered that had the interposon in hrpJ. Plasmid pCPP2320 was constructed by digesting pHIR11 with SacI, purifying the 7.7-kb fragment from an agarose gel, and ligating it into the SacI site of pRK415. The resulting plasmid was partially digested with SspI, and the ⍀Sp r interposon was ligated into the SspI site in hrpP. Pss61-2319 and Pss61-2320 were constructed using pCPP2319 and pCPP2320, respectively, in marker exchange mutagenesis (25) . pNCHU393 was constructed by the following steps. A 1.5-EcoRI pHIR11 fragment containing the hrpC promoter, hrpF, hrpG, and part of hrcC was ligated into the EcoRI site of pCPP2988, which contains a terminatorless nptII gene constitutively expressing downstream genes. A BamHIKpnI fragment was isolated from the resulting construct and ligated into pRK415, carrying a 2.1-kb SacI-digested pHIR11 fragment containing the 3Ј termini of hrcC, hrpT, and hrpV. The resulting plasmid, pNCHU393, was used to construct 61-N393 by marker exchange mutagenesis. Thus, hrpF and hrpG of 61-N393 are expressed by using the native promoter, hrcC is disrupted by the nptII gene, and hrpT and hrpV are expressed using the nptII promoter. Primers were designed to amplify hrcC and clone it into the BamHI and KpnI sites of pRK415 to construct pNCHU421. Plasmid pCPP2318 was constructed by digesting pCPP30 (obtained from D. W. Bauer) with PstI, blunting the ends with T4 DNA polymerase, and digesting the linearized DNA with BamHI. Plasmid pLH21 (provided by J. K. Broome-Smith) was digested with SmaI and BamHI, and a 0.9-kb ЈblaM ϩ fragment encoding mature ␤-lactamase (BlaM) was ligated to the linearized pCPP30 DNA. The resulting plasmid, pCPP2318, produces ЈBlaM, which remains cytoplasmic.
Preparation of anti-HrcJ antibodies. To overproduce HrcJ in E. coli, PCRamplified hrcJ, cloned in pET29a (Novagen, Madison, Wis.), was transformed into E. coli NovaBlue (DE3), grown at 37°C in Luria-Bertani broth to an optical density at 600 nm of 0.5, and induced with 0.5 mM isopropyl ␤-D-thiogalactopyranoside for 2 h in the presence of 200 mg of rifampin/ml to inhibit bacterial RNA polymerase. Bacterial proteins were released by lysis in sodium dodecyl sulfate (SDS)-polyacrylamide gel sample buffer at 100°C, resolved in a 10% polyacrylamide gel, and visualized with Coomassie blue R250. The gel was (51) by dialysis. The collected proteins were concentrated by ultrafiltration in Centricon 10 tubes (Amicon, Beverly, Mass.) and then used to raise polyclonal antibodies in rabbits. Cell fractionation. Strains were grown overnight with shaking in 2 ml of King's B medium at 30°C, washed once with 1 ml of HrpMM, transferred to 50 ml of HrpMM, and grown at room temperature for 14 to 16 h. Two 20-ml aliquots were taken from each culture, and the cells and supernatant were separated by centrifugation at 8,000 ϫ g for 10 min at 4°C. One cell pellet was resuspended in water up to a 1-ml volume and designated the whole-cell fraction. The supernatant proteins from one of the aliquots were precipitated with 50% (wt/vol) (NH 4 ) 2 SO 4 , pelleted by centrifugation at 25,000 ϫ g for 20 min at 4°C, resuspended in water up to a 1-ml volume, and designated the supernatant fraction. The other cell pellet was resuspended in 0.5 ml of 200 mM Tris-HCl (pH 5.5)-0.5 mM EDTA-0.5 M sucrose, and then 10 ml of 30 mM Tris (pH 7.6)-10 mM EDTA-0.73 mM sucrose-0.5 mM phenylmethylsulfonyl fluoride (Life Technologies)-10 kU of Readylyse lysozyme (Epicentre Technologies, Madison, Wis.) was slowly added. The cells were slowly shaken at room temperature for 15 min and then pelleted by centrifugation at 8,000 ϫ g for 10 min at 4°C. The spheroplast fluids were removed, and the proteins in them were precipitated, pelleted, and resuspended by the same method as for the culture supernatant proteins and designated the periplasmic fraction. The pelleted, spheroplasted cells were then lysed by resuspension in up to 1 ml of water. This fraction, which also contained cytoplasmic membranes, was designated the cytoplasm-membrane fraction. To determine the relative sensitivity of HrpZ in whole cells and spheroplasts to proteinase K, one half of each mutant culture was prepared for spheroplasting as described above. Proteinase K (Life Technologies) was then added to a final concentration of 100 g/ml to both the whole-cell and spheroplast preparations, which were incubated with gentle shaking for 20 min. Phenylmethylsulfonyl fluoride was subsequently added to a final concentration of 0.5 mM, and bacterial proteins were released from a 100-l sample of the culture suspension by incubation with 30 l of SDS-polyacrylamide gel sample buffer at 100°C.
Protein analysis. The proteins from the cell fractions were separated by polyacrylamide gel electrophoresis with 12% acrylamide and a Mighty Small II apparatus (Hoefer, San Francisco, Calif.). Separated proteins were electrotransferred to Immobilon-P membranes (Millipore Co., Bedford, Mass.) in a Hoefer transfer unit for 1 h at 100 mA at room temperature. Immunostaining, with polyclonal anti-HrpZ antibody (21) or polyclonal anti-BlaM antibody (5 Prime 3 Prime, Boulder, Colo.), was performed by using the Western-Light chemiluminescence kit (Tropix, Bedford, Mass.). Membranes were exposed multiple times, at time lengths ranging from 30 s to 30 min, to Omat X-ray film (Kodak, Rochester, N.Y.) to record HrpZ detection.
Quantitative analysis of immunoblots. Exposed X-ray films were scanned with a Scanjet IIcx scanner with the DeskScan II program (Hewlett Packard, Palo Alto, Calif.). The total areas of the immunostained bands from different fractions were compared by using Scan Analysis software (Biosoft, Ferguson, Mo.) (53) . To validate measurements of the relative levels of HrpZ obtained by this method, we purified HrpZ and determined the relationship between levels of the protein and immunoblot band intensity. HrpZ protein was purified as previously described (21) and then quantitated with the dye-binding assay (Bio-Rad Laboratories, Richmond, Calif.). The protein, in a dilution series from 1 mg/ml to 0.125 mg/ml, was resolved on an SDS-12% polyacrylamide gel, transferred to an Immobilon-P membrane, visualized with anti-HrpZ antibody in conjunction with the Western-Light chemiluminescent second antibody assay, and then quantitated with the scanner and Scan Analysis software. A linear relationship was observed in this range between HrpZ levels and scanner values, with an r 2 value of 0.97.
RESULTS
Construction of mutations affecting the four major hrp operons in Pss61. The functional cluster of hrp genes carried on pHIR11 includes nine that have been redesignated hrc and given last letters corresponding to their Yersinia ysc homologs (7) . Figure 1 also shows that the last letters of some of the remaining hrp genes were changed to bring the closely related Pss61 and E. amylovora Ea321 hrp clusters into nomenclatural congruence and agreement with established genetic convention (7) . Note that the Pss61 hrcQ A and hrcQ B genes are homologous to the N termini and C termini, respectively, of the Yersinia yscQ, E. amylovora hrcQ, and R. solanacearum hrcQ genes. All of the hrc genes are distributed among the hrpJ, hrpU, hrpC, and hrpZ operons of Pss61.
To initiate investigation of the potentially different functions of these operons in directing type III protein secretion, we constructed interposon mutations affecting all of the hrc genes in the hrpJ and hrpU operons and exploited available mutations in the two hrc genes in the hrpC and hrpZ operons (Fig. 1) . ⍀Sp r fragments were inserted into the cloned hrpJ and hrpP genes in vitro and then marker exchanged into the Pss61 genome to produce mutants 61-2319 and 61-2320, respectively. Both mutations were confirmed by DNA gel blot analysis and shown to block the ability of Pss61 to elicit the HR in tobacco leaves (data not shown). Pss61-2090 (hrcC::TnphoA) and Pss61-79 (hrcJ::TnphoA) had been constructed previously, and both are unable to elicit the HR (25, 26) . In addition, Pss61-2098 (hrpR::TnphoA) was chosen as a representative regulatory mutant (25) . The predicted location of the TnphoA insertion in each of these mutants was confirmed by DNA sequence analysis.
Mutations in the four major hrp secretion operons differentially affect HrpZ accumulation in Pss61 cultures. We first (7), with former designations given in parentheses. Arrowheads indicate the direction of transcription for each operon. Genes encoding proteins predicted to be associated with the inner or outer membrane are stippled or hatched, respectively, but HrcJ may associate with both membranes. Plasmids used for marker-exchange mutagenesis are shown below the map of the hrp cluster. hrmA, at the left border of the pHIR11 hrp cluster (23, 25) , is required for bacteria carrying pHIR11 to elicit the HR but not to secrete HrpZ (2) .
confirmed by immunoblot analysis that HrpZ was not present at significant levels in the extracellular fluids of cultures of the hrpJ::⍀Sp r , hrpP::⍀Sp r , hrcC::TnphoA, hrcJ::TnphoA, or hrpR::TnphoA mutants (data not shown). We also noticed, and subsequently documented, substantial differences in levels of total HrpZ accumulation in cultures of the five mutants and the wild type (Fig. 2) To determine whether the failure of HrpZ to be secreted has a repressive effect on the expression of the hrpZ operon, we prepared anti-HrcJ antibodies for immunoblot analysis of the levels of HrcJ accumulating in Pss61 and mutant derivatives (Fig. 2) . As expected, the 61-79 (hrcJ::TnphoA) mutant produced a truncated HrcJ protein, and the hrpR mutant produced no detectable HrcJ. However, none of the mutants produced significantly less HrcJ than the wild type. Since hrcJ is downstream of hrpZ in the same operon, and a hrpZ::⍀Sp r mutation has a demonstrably polar effect on hrcJ (2) (Fig. 2, upper panel) , but have more cell-bound HrpZ than Pss61 (lower panel). The higher HrpZ levels in the hrcC::TnphoA and hrcJ::TnphoA mutants suggest that HrpZ is accumulating in a part of the cell where it escapes the posttranscriptional regulation or degradation that occurs in hrpJ::⍀Sp r and hrpP::⍀Sp r cells. HrpZ is present in the cytoplasm and milieu of wild-type Pss61 cultures in late log phase. A spheroplasting procedure developed for E. coli (63) was adapted for P. syringae and used in conjunction with immunoblot analysis to determine the distribution of HrpZ in cytoplasmic, periplasmic, and supernatant fractions of Pss61 (Fig. 3) . To determine the percentage of cytoplasmic protein that was released into the periplasmic fraction by cell lysis and the percentage of periplasmic protein successfully extracted by the spheroplasting procedure, we used BlaM as a marker for both the cytoplasmic and periplasmic fractions. We transformed Pss61 with either pCPP2318 or pCPP44 and used immunoblot analysis with anti-BlaM antibodies to determine the distribution of BlaM in cytoplasmic, periplasmic, and supernatant fractions. Plasmid pCPP2318 produces ЈBlaM, which lacks a signal peptide sequence so the protein is unable to cross the inner membrane via the Sec
FIG. 2. Immunoblot analysis of HrpZ accumulation in Pss61
hrp mutant whole cultures and cells. Pss61 strains were grown overnight in HrpMM to an approximate optical density at 600 nm of 0.44 and then normalized to that level by dilution. For the upper two panels, unfractionated culture samples were directly treated with SDS-polyacrylamide gel sample buffer and heated to 100°C for 5 min, separated by SDS-polyacrylamide gel electrophoresis, and electrotransferred to Immobilon-P membranes. HrpZ and HrcJ were then detected with polyclonal anti-HrpZ or polyclonal anti-HrcJ antibodies, as indicated. In the bottom panel, cells were harvested by centrifugation from an aliquot of the culture analyzed above, and then levels of cell-bound HrpZ were determined as above, except that protein loading and exposure times were adjusted to facilitate more accurate comparison of the samples within each panel (which precludes quantitative comparison between panels).
FIG. 3.
Immunoblot analysis of the distribution of HrpZ, BlaM, and ЈBlaM in the cytoplasmic, periplasmic, and supernatant fractions of wild-type Pss61. Pss61(pCPP44 blaM ϩ ) and Pss61(pCPP2318 ЈblaM ϩ ) were grown overnight in King's B medium and then transferred to HrpMM for 14 h before sampling. Whole culture (WC), cytoplasm-membrane (C), periplasmic (P), and supernatant (S) fractions were prepared as described in the text. Proteins were separated by SDS-polyacrylamide gel electrophoresis, electrotransferred to Immobilon-P membranes, and HrpZ and BlaM were detected with appropriate polyclonal antibodies. Proteins in the upper two panels were obtained from Pss61(pCPP44 blaM ϩ ). Protein in the bottom panel was obtained from Pss61(pCPP2318 ЈblaM ϩ ); an immunoblot of HrpZ distribution in this culture was identical to that shown in the upper panel for Pss61(pCPP44 blaM ϩ ).
system and remains in the cytoplasm. The percentage of this protein in the periplasmic fraction indicates the amount of cell lysis caused by the spheroplasting procedure. Plasmid pCPP44 produces a full-length BlaM protein that crosses the inner membrane, is processed, and accumulates in the periplasm. The percentage of this protein in the periplasmic fraction indicates the yield of periplasmic proteins from the spheroplasting procedure. Both proteins can be used to monitor the presence of proteins leaked into the medium by cell lysis in the culture. Mid-log cultures of Pss61(pCPP2318) and Pss61(pCPP44) were fractionated by using the spheroplasting procedure, and the relative amounts of HrpZ and BlaM proteins in cell fractions were determined by immunoblot analysis (Fig. 3) and then quantified by densitometry (Fig. 4) . The analysis indicated that the cell fractionation procedure was effective and that a significant level of HrpZ was retained in the cytoplasm, but not the periplasm, of wild-type Pss61 cells that are actively secreting HrpZ.
A hrcC::TnphoA mutant accumulates HrpZ in the periplasm. To analyze the distribution of HrpZ in the four secretion mutants, all four mutants were transformed separately with pCPP2318 and pCPP44, and the relative amounts of BlaM and HrpZ protein in the cytoplasmic, periplasmic, and supernatant fractions were determined, as described for the wild type above (Fig. 4) . For all of the strains, there was relatively little ЈBlaM and BlaM in the supernatant (3.4% Ϯ 4.6% and 7.3% Ϯ 5.1%, respectively), and the yield of periplasmic BlaM obtained by the spheroplasting procedure was not significantly different among the strains (72.6% Ϯ 17.9%). However, whereas the presence of ЈBlaM in the periplasmic fraction due to lysis was low for Pss61 and the hrpJ::⍀Sp r , hrpP::⍀Sp r , and hrcC::TnphoA mutants (3.2% Ϯ 0.6%), it was much higher for the hrcJ::TnphoA mutant (23.5% Ϯ 14.3%).
This was consistent with a tendency for the hrcJ::TnphoA mutant to lyse when cultures reached stationary phase.
Most of the cell-bound HrpZ in the hrpJ::⍀Sp r and hrpP::⍀Sp r mutants accumulated only in the cytoplasm, with little in the periplasm beyond that attributable to lysis. Conversely, the hrcC::TnphoA and hrcJ::TnphoA mutants accumulated HrpZ in both the cytoplasm and the periplasm. However, the level of HrpZ in the hrcJ::TnphoA mutant periplasm was not significantly higher than the level of ЈBlaM in the periplasm attributable to lysis. Results essentially identical to those presented in Fig. 4 for Pss61 and the hrpP::⍀Sp r and hrcC::TnphoA mutants were obtained when the experiment was repeated using glucose-6-phosphate dehydrogenase activity as the cytoplasmic marker and BlaM activity as the periplasmic marker (data not shown). These results suggest that the hrpJ and hrpU operons encode genes required for protein transfer across the inner membrane, and the hrpC operon encodes genes required for protein transfer across the outer membrane. None of the hrp or hrc mutants secreted significant amounts of HrpZ; however, the hrcC::TnphoA and hrcJ::TnphoA mutants accumulated more HrpZ in the supernatant than the hrpJ::⍀Sp r and hrpP::⍀Sp r mutants, presumably as a result of leakage of periplasmic HrpZ through the outer membrane.
Proteinase K treatment indicates that a portion of the cellbound HrpZ is extracytoplasmic in a hrcC::TnPhoA mutant but not in a hrpP::⍀Sp r mutant. To further test the hypothesis that the cell-bound HrpZ pool is partially extracytoplasmic in a hrcC::TnPhoA mutant but not so in a hrpP::⍀Sp r mutant, whole cells and corresponding spheroplast preparations were treated with proteinase K. Spheroplasting with lysozyme had no effect on the sensitivity to proteinase K of the HrpZ pool in the hrpP::⍀Sp r mutant, but it did render a significant portion of the HrpZ pool in the hrcC::TnPhoA mutant sensitive to deg- FIG. 4 . Subcellular distribution of HrpZ in cultures of Pss61 hrp mutants. Cultures were prepared, sampled, fractionated, and analyzed for HrpZ distribution as described in the legend for Fig. 3 . For each Pss61 strain, two cultures containing pCPP44 (blaM ϩ ) and two containing pCPP2318 (ЈblaM ϩ ) were independently analyzed. Immunostained band intensity was quantified by densitometry. Data are means and standard errors from four tests for the relative distribution of HrpZ in the cytoplasm-membrane, periplasm, and supernatant fractions. radation (Fig. 5 ). This suggests that the different patterns of HrpZ distribution observed in the previous section result from location of the protein in different subcellular compartments of the mutants rather than from differential release of the protein from incomplete secretion structures on the outer surface of the cytoplasmic membrane.
Nonpolar mutations in hrcU and hrcC confer the same HrpZ accumulation and localization phenotypes as polar mutations in the hrpU and hrpC operons, respectively. We also determined whether the novel HrpZ accumulation and localization phenotypes associated with mutations in the hrpU and hrpC operons would similarly be observed with mutations affecting single genes. HrpZ accumulation and cell fractionation experiments were repeated using an existing hrcU::TnphoA mutant, 61-2088 (25) , and a newly constructed nonpolar hrcC mutant, 61-N393. We confirmed by immunoblot analysis that neither mutant secreted HrpZ and demonstrated that a wild-type phenotype could be restored to 61-N393 with pNCHU421, which carries only hrcC (data not shown).
The level of total-culture HrpZ was lower for the hrcU mutant than for the wild type and nonpolar hrcC mutant (Fig.  6A) . On the other hand, the level of cell-bound HrpZ was higher in the nonpolar hrcC mutant than in the hrcU mutant. Cell fractionation experiments demonstrated that most of the cell-bound HrpZ in 61-2088 (hrcU::TnphoA) accumulated in the cytoplasm, as occurred with the polar mutations in the hrpJ and hrpU operons (Fig. 6B) . The cell-bound HrpZ in 61-N393 (hrcC::nptII) accumulated in both the cytoplasm and periplasm, as occurred with the TnphoA mutants in hrcC and hrcJ. Thus, the novel HrpZ accumulation and localization phenotypes observed with polar mutations could also be observed with mutations affecting single genes.
DISCUSSION
The altered accumulation and subcellular localization of HrpZ in Pss61 mutants affected in the four operons containing conserved type III protein secretion pathway genes suggest several features of the pathway's operation. (i) Bacteria maintain the same level of HrpZ in the cytoplasm of wild-type cells and cells unable to export the protein across the inner membrane. (ii) Polar mutations in the hrpJ and hrpU operons, as well as a nonpolar hrcU mutation, block export from the cytoplasm, suggesting that these encode an alternative to the Sec (primary protein export pathway) for translocation across the inner membrane. (iii) TnPhoA and nptII mutations in hrcC, on the other hand, preferentially block translocation across the outer membrane. (iv) Strains with mutations in the hrpC and hrpZ operons accumulate high levels of cell-bound HrpZ, apparently because periplasmic HrpZ escapes some posttranscriptional mechanism for maintaining constant levels of cytoplasmic HrpZ. It is important to emphasize here that these data do not mean that normal type III secretion occurs in two steps with a periplasmic intermediate, although the recent report of low levels of LcrV and YopE in the periplasm of Yersinia pestis cells that are secreting these proteins is consistent with this notion (41) . However, the altered localization of HrpZ in secretion mutants indicates that two stages can be experimentally distinguished when secretion is aborted. We will discuss the implications of this finding, the potential functions of Hrc homologs in flagellar-specific and type III protein secretion, and the possible role of a cytoplasmic pool of HrpZ.
The experimental, partial separation of HrpZ secretion into inner and outer membrane translocation processes raises several issues which can best be discussed in the context of comparisons with the type II protein secretion system. A fundamental difference between the type II and III pathways is the cellular compartment from which proteins are recruited for secretion to the bacterial milieu. Because proteins traveling the type II pathway cross the inner membrane via the Sec apparatus, targeting to the type II pathway for translocation across FIG. 5 . Differential proteinase K sensitivity of HrpZ in whole cells and spheroplast preparations of Pss61-2320 and Pss61-2190. Spheroplasts were prepared by lysozyme treatment as in the experiments depicted in Fig. 3 and 4 (see Materials and Methods for a description). Proteinase K was added to both spheroplast and whole-cell preparations. HrpZ levels were then determined by immunoblotting as described in the legend for Fig. 3.   FIG. 6 . HrpZ accumulation and subcellular distribution in nonpolar hrcC and hrcC mutants. (A) Pss61 strains were grown for 14 h in HrpMM to an approximate optical density at 600 nm of 0.25 and then normalized to that level by dilution. For the upper panel, unfractionated culture samples were directly treated with SDS-polyacrylamide gel sample buffer and heated to 100°C for 5 min, separated by SDS-polyacrylamide gel electrophoresis, and electrotransferred to Immobilon-P membrane. HrpZ was detected with polyclonal anti-HrpZ antibodies. In the lower panel, cells were harvested by centrifugation from an aliquot of the culture analyzed above, and levels of cell-bound HrpZ were determined as above, except that protein loading and exposure times were adjusted to enhance comparison of the samples within each panel. (B) Subcellular distribution of HrpZ in Pss61 mutants 61-2088(hrcU::TnphoA) and 61-N393(hrcC::nptII). Cultures were prepared, sampled, fractionated, and analyzed for HrpZ distribution as described in the legend for Fig. 3 . WC, whole cell; C, cytoplasm-membrane fraction; P, periplasmic fraction; S, supernatant. the outer membrane almost certainly occurs in the periplasm, and signal peptide processing, disulfide bond formation, and in some cases, assembly of protein subunits occur during transient periplasmic residence (48) . Typical type II mutants produce wild-type levels of the exoproteins normally traveling the pathway, which accumulate in the periplasm. In contrast, targeting to the type III pathway likely occurs before translocation across the inner membrane, and as discussed below, secretion system mutations often result in down-regulated synthesis of proteins that travel the pathway. Thus, the fact that hrcC mutations result in partial accumulation of HrpZ in the periplasm does not imply that secretion through the functional pathway occurs in two discrete steps. Furthermore, we cannot eliminate the possibility that some proteins encoded by the hrpJ and hrpU operons are also required for secretion across the outer membrane. Finally, the substantial accumulation of HrpZ in the cytoplasm, as well as in the periplasm, of the hrcC mutants indicates that translocation across the inner and outer membranes is much more tightly coupled in the type III pathway than in the type II pathway.
The presence in these operons of genes encoding homologs of flagellar biogenesis (HrcV/FlhA, HrcN/FliI, HrcQ B /FliY, HrcR/FliP, HrcS/FliQ, HrcT/FliR, HrcU/FlhB, and HrcJ/FliF) and type II secretion components (HrcC) suggests that the two mutationally distinguishable stages in type III secretion are controlled by genes recruited from diverse secretion pathways. For the seven hrc genes in the two operons directing translocation across the inner membrane, more is known about the function of the flagellar homologs (in Bacillus subtilis, Salmonella typhimurium, E. coli, and Caulobacter crescentus) than about the type III homologs. Most of the flagellar homologs are necessary for basal body formation and are likely components of a flagellum-specific export apparatus. Flagellar proteins are believed to be secreted through a passive channel consisting of the MS ring, the C ring, and other proteins, with FliI, which shows similarity to the catalytic ␤ subunit of the F 0 F 1 ATPase, energizing the secretion (1, 13, 37, 61) . FlhA is suggested by the phenotype of temperature-sensitive mutations to have a role in flagellum-specific export or its regulation (61) . S. typhimurium FliM and FliN are homologous to the N terminus and C terminus of B. subtilis FliY, respectively (6) , and HrcQ B is homologous to the N terminus of FliY and to the full length of FliN (26) . The similarity between HrcQ A and FliM is not statistically significant, but the two proteins are the same size, with HrcQ A /HrcQ B and FliM/FliN divided at the same point with respect to FliY, implying that FliY homologs can function as one or two proteins and that HrcQ A and HrcQ B function as part of the same apparatus. FliY, FliM, and FliN are cytoplasmic, associate with FliG to form the C ring which associates with the MS ring, form part of the switch complex, and appear also to contribute to flagellum-specific export (1, 40, 55, 61) . FliP, FliQ, and FliR have been discovered recently, and a function in flagellum-specific export has been inferred solely on the basis of their homology with type III pathway components (9, 38) . FlhB supports flagellum-specific export and also appears to control the order in which certain flagellar proteins are secreted, an activity of potential importance for homologs involved in virulence protein secretion (32) .
Homologs of the two Hrc proteins associated with the outer membrane appear to form multimeric channels in membranes. The pIV protein of filamentous phages and the PulD family of type II secretion components form multimers in the outer membrane and are necessary for phage and protein secretion (29) . Yersinia YscJ (YlpB) and the Shigella flexneri homolog MxiJ are lipoproteins postulated to have both inner and outer membrane associations (3, 10, 40) . YscJ, MxiJ, and HrcJ show similarity in an N-terminal region with FliF (26, 60) . The functional significance of this similarity is unclear: FliF is larger, is an integral inner membrane protein, not a lipoprotein, and forms the MS ring (37) . The N-terminal membrane-spanning domain of this multifunctional protein is postulated to form the inner core of the M ring, which is a likely domain of interaction with the flagellar switch (42, 57) . Thus, HrcJ may "bridge" the two membrane translocators. Alternatively, the type III secretion system may employ stacks of ring or channelforming proteins, analogous to the P and L rings of flagella, with HrcC primarily in the outer membrane and HrcJ primarily in the peptidoglycan layer. It should also be noted that future analysis of the structure and function of Hrp proteins will likely reveal more of them to be "Hrc" components of a conserved secretion apparatus.
The pleiotropic phenotype of reduced accumulation of a secreted protein and loss of secretion are typical of type III secretion systems. For example, Yersinia mutants that are unable to secrete Yops also accumulate lower levels of the proteins than do wild-type cells, and attempts by Plano and Straley (45) to separate the secretion and accumulation phenotypes of IcrD mutants with a series of mutations proved unsuccessful. In that regard, the Pss61 hrcC and hrcJ mutants are unusual because accumulation of HrpZ is not down-regulated compared to wild-type cells. However, it is interesting to note that a Yersinia enterocolitica yscJ mutant accumulates relatively more cell-bound YopD and YopE than a yscU mutant, although the level of Yop accumulation by the yscJ mutant is less than that of the wild type (4). This observation of differential accumulation by yscJ and yscU mutants is consistent with our observations of differential HrpZ accumulation by Pss61 hrcJ and hrcU mutants, and it suggests operational similarities in the type III secretion systems of animal and plant pathogens.
The presence of a pool of HrpZ in the cytoplasm of wildtype Pss61 cells is also typical of type III-secreted proteins (43) , and it contrasts sharply with the localization of proteins traveling the type II pathway, where Sec-mediated export across the inner membrane occurs in a rapid, apparently unregulated manner (48) . Many of the proteins secreted by the type III pathway in animal pathogens are associated with chaperones in the cytoplasm, and they form aggregates, including macromolecular structures, outside of the bacterial cell (39, 43, 62) . The observations that the size of the cytoplasmic HrpZ pool is held constant despite mutations affecting secretion out of the cytoplasm (Fig. 2) , that the pool size is regulated posttranscriptionally (Fig. 2) , and that the expression of a cloned hrpZ gene in trans in wild-type Pss61 cells disrupts all HrpZ secretion (2) raise the possibility that HrpZ interacts with other proteins in the cytoplasm and may participate in the formation of macromolecular structures.
The type III pathway appears to have been acquired independently by Yersinia, Shigella, and Salmonella spp. via horizontal transfer from an unknown source, and it is functionally conserved in these bacteria (and distinct from the type I and II pathways) in its ability to translocate proteins directly into host cells (20, 49) . Translocation of proteins via the type III pathway into plant cells has yet to be demonstrated directly, although it seems likely that at least some of the proteins encoded by avr genes are delivered in such a manner: they are active only in plant cells (18, 33, 52, 56, 58) , their action is dependent on hrp secretion genes (12, 18, 44) , some possess nuclear targeting signals (58, 66) , and the apparent targets of a few, the products of plant resistance genes, have been molecularly characterized and inferred to be cytoplasmic (54) . Understanding the operation of a pathway dedicated to virulence traffic will surely yield insights into pathogenesis, and it will be particularly interesting to see how the system has been adapted for the bacterial attack of hosts in different kingdoms.
